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ABSTRACT 


Mavs thesis investigates the effect of stress on the 
Mipereal adsorption of methanol, It is found that methanol, 
adsorbed from an atmosphere of nitrogen saturated with 

methenol vapor, effectively lubricates copper when contacting 
aeunick Jayer of tin, Methanol does not, however, lubricate 
fees COUNoOr contacts 2 thin layor of tin. The convact 
Wivh the thin layer of tin has a higner stress level as 
Miewearasr substrate sucports the load, Thus the critical 

pepe, Cefined as the stress at which the lubricant 
descr Sy is greater than 6 kg/m"? (the venetration hardness 
Moetin), Berectiveness of lubrication is qualitatively 
feemeired by Visuel observation cf transfer of tin to the 
epee es Gisenificany changes in contect resistance were 
not found. 


Miigietto CONc ct for tunrsten specimens echowed a critical. 
pees sa OF less than 17.4 ko Jinn? Seago visa l 1a4d7e2 1 7enS 
of surface ae @o at this stress level. Contact resistance 
data is ren rted but is erratic ayoenus I1nconsclusive, 
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Ordinary electropolished copper specimen 
Seucrmcollacu VWign thick tin coated 
specimen and imposed motion under 5 gran 
load in atmosnhere of nitrogen 


Gmoney wel ectucopolisned cooper specimen 
weavers ecomuscy with thick tin coated 
specimen and imposed relative motion 
under 5 gram load in methanol saturated 
nitrogen 
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showing two contact areas at 5 gram load 
after motion at 1 hz for one minute 
mama y Ulver 19 Coated specimen 


‘Enlargement of contact zone with nitrogen 


atmospnere 


Enlarcement of contact zone with methanol 
saturated nitrogen 


Pilceteevel tsnied OFC copper specimen after 
contact with thin coated specimen under a 
load 6f 5 Srams and after motion at 3 hz 
for 1 minute 
Apparatus 


Seccumen Nolacrs 


Specimen holders, ton view, showing aetorched 
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INTRODUCTION 

Peay lubrication is defined as a "condition of 
lubrication in which the friction between two surfaces in 
relative motion is determined by the properties of the sur- 
faces and by the properties of the lubricant other than 
viscosity." [1]* In many cases, the lubrication provided 
may be considered voor as the coefficient of friction may 
femme 1.,e., approximately .1 to 1.0. However, the 
effectiveness of a boundary lubricant is hetter measured by 
metal pickup ie A good boundary Jubricant may reduce 
friction yee factor of cnly 20 but metal transfer may 
Simultaneously be reduced by a factor of 20,000 [6]. 

iigeee tne “ish coetficient of friction and the fact 
that any metal-to-metal contact occurs at all, makes boundary 
iene >on Seem to Compars unravorably to other forms of 
iit catvion where a full film of lubricant is. maintained, 
eemrement LO Completely sevarate even fairly rouzsh surfaces, 
Sleaneavineg metal-to-s4etal contact ard reducars friction by 


eee oe oer ot MasIi.Uds, However, a boundery luctricant 


Hy 


may serve as che jJast barrier before seizure when relative 
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pred automotile engine or 
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motion ceases, such 
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meyers ovner forms of jluorication sre not vos 


e,o ate 
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meter ers in bracke .s refer to references listed in the 


Cioran nhy. 
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ace heashtlms trom our normal environment serve to 


~~ 


prevent seizure of even "clean" metals [3] and their removal 
Ne 


is a challenge in the technology of cold welding and other 
joining processes [4]. 
Three mechanisms are generally proposed to explain 
boundary lubrication [1]. 
ee iysiteal adsorption or physisorption 
2. Chemical adsorption or chemisorption 
3. Chemical reaction 


Physisorption is particularly marked by a low heat of 


adsorption We OCO Gor 10,000 cal/mole! and revercibility,. | The 


Mmrtemnea molecules retain their own electrons. 
Chemisorntion is distinguished by high heat of adsorption 


and is not completely reversible. The electrons of the 
adsorbent are shared with those of the surface but tne surfnce 
acoms do not leave their jattice. 

Unlike both of the mechanisms of adsorption, chemical] 
reaction alters the composition of the surface, Improvement 
occurs when the compound formed in the film has lower shear 
Strength than the base metal and when accelerated corrosion 
does not make up for the reduction in wear, The surfaces atoms 
ean and do leave their lattice, 

Pieicical@e@@sorption 1s the Mechanism under investization 


in this study, 





BACKGROUND 

There is no scarcity SF epubvished “IMiormatron im the 
field. “Boundary Lubrication - An Appraisal of World Litera- 
ture" [5] provides a comprehensive survey and contains 
abstracts of over 1,500 articles and books on the subject of 
Peundary lubrication. 

In the next few pages, a brief synopsis of a very few 
papers will be presented to set the stase for the purpose of 
iter imvestization. | 
STR WITLTAM B. HARDY 

Shean is generally given to Sir William B, Hardy as 
the pioneer in boundary lubrication [2]. In one of his later 
maers ale Me morouesed 2 relauion for the coefficient of 
friction that is dependent on the nature of the solids, the 
Misr wGant molecular structure (the coefficient of friction 
decreasing with molecule chain length) and temperature. 

There was no devendence on bulk lubricant pronerties. 

In an extensive test program, investigating over 100 
pure organic comnounds, he observed stability (i.e. an 
eave orivm “oOsition between parallel test surfaces under 


Leo eito ec 


Cf} 


li 


we) 


load) to pressures of 10 kg/inm*, He also noted no 4 


in properties when testing in liquid or in an atmosphere 


POmerining saturated vancr of the iubricant. 


Popes OF TENPRERETUR2 - D. TABOR AND FE, RARINOWICZ 


+ 


In 1940, D, Tabor observed that “in cases where boundary 


Utero occurs” satisfactorw behavior at room tomperature 
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does not necessarily imply good lubrication at elevated 
temperature [7]|. He notes that the effect is reversible 
em@d attributes the Ror manon to desorption or disorientsa~ 
meer Of the lubricant film. 

Eleven years later, two transition temperatures were 
identified [8]. A marked increase in metal transfer occurred 
Poe temperature near the melting temperature of the film 
while further deterioration was noted at higher temperature. 
Even thoush the surface was visibly covered with iniuecceee 
Gmemir ction and metallic transfer were similar to unlubri- 
cated conditions. At both temperatures, the effects were 
reversible, It was proposed that at the lower temperature, 
meer rentation of the film occurred and desorption followad 
phere higher temperature. 

THE EFPECT OF STRESS ~ D, TABOR AND S. ©. CCHEN 

An apparent anomoly is observed whil® investigating 
igioiedeation of polymers [9], It is found that water does 
not lubricate glass sliding on glass nor polythene sliding 
on polythene at very low sliding speeds, However, water does 
lubricate glass sliding ef, Dolytvnene. The explanation pro- 
meee 1S that a water film 1s weakly adsorbed onto the lass 
miei eee. Unde the tow contact stress with volythere, the 
Mmemeremains adeorbed bul the mucn higher contact stress of 
elass on slass causes desorption of the film. The film on 
tnereuass is stable under stresses of eee 2 ke/mn* fora 
"Or@urdeted period.” The possibility of hvdredynamic effects 


HO 





is discounted because the effect could not be observed with 
other nia \ 

In a paper presented at the American Society of 
Mechanical Engineers Winter Annual Meeting in November 1969, 
B. G, Rightmire develops the theory for stability of a mono- 
layer of physisorbed molecules and explains the effects of 
stress and temperature [101. 

iets shown that a meta-stable state can exist with 
almost the entire opposing surfeces separated by a physically 
[eee bed MOnNo-layer of moJecules. The layer is stable until 


meme a 'criticeal str2ss 


er 2 Coie enperaire — 1S 


exceeded in which csses the molecules desorb end 4 more 


Paeeeore State, that of metal-to-metal contact, results, 
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sulae: SPECIFIC PRORLEM UNDER TNVESTIGATTON 
AND SUMMARIZED PROCEDURE 

This study undertook to investigate the effect of etress 
meeoom tomperature on boundary lubrication tae yoisorpuLon. 
It was desired that a relatively simple organic molecule 
serve as the "lubricant" so that it could be eventually com- 
pared to the theory [10]. Methanol was chosen 

The effects of stress were to be studied by noting 
chansres in electrical resistance between two ee con- 
tacting with e known stress distribution, exvosed to an 
mer. as (Prepurified Nitrozten) saturated with the methanol 
vapor, 

Observations were also to be made of the specimens to 
check for effects of metal-to-metal contact, mainly surface 
damage or material transfer. 

Relative motion mist be imposed in order to supply the 
activation energy which is required to enable the acsorbed 
molecules to reach equilibrium and thus demage to the surface 
1g to be exvected unless the surfaces are completely separated 


oy a physisorbed film, 
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RESULTS AND CONCLUSIONS 
The results of this investigation will be presented in 
two sections categorized by the tyne of specimens used as 


POL LoOWwS : 


A. tungsten versus tungsten 


ct 


Bey copper versus tin 

The results of the copper and tin investigation are 
ieeeeet Civided into three sections defined in the intro- 
fipeweon to Cach section, 

Contact resistance measurements and visual observations 
eee ee eren after contact and relative motion between two 
electropolished tungsten ee oerers res ee ee Gr 20d) 37 
Appendix CC. When visual observations were mado, the ernectrd 
area of contact was examined before and after the imposed 
motion and resistance measurements, 


A summary of the significant measurements and obser- 
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~ 
cr 
Q 
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resented in Table 1. A more detailed summary of 


results is presented in Apnpendix 0D, 
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Tre conclusions based on these measurements and observa- 
hens are as) folios: 

lise An atmosphere saturated with methanol vepor reduces 
Pee or Changes the characteristics of wear, even at hich 
stress levels (72.2 kg/nm*). The high and erratic resistance 
measurements in nitrogen are thoveht to be due to debris 
from the increased wear 

2. Gomplete lubrication, i.e,, complete separation 
of the tungsten surfaces, is not accomplished even at lowes 


mene ble stress levels (17.4+ ke/mm*). This is indicated 


by the evidence of surface damages and the lack of consistently 


Pee eresistence measurements, Therefore, the critical maxinum 
apparent stress is less then 17.4 kg/mm? (o/J = .455 x 107°). 


~~ 
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Pee OPER VERSUS TIN 

ie Pec lepaimoned louse -Pivey Cooper on Copper Comped 
feeetee Thick” Laver of Tin 

The copner specimen was a .950 inch diameter wire 

P@eevronolished using the volishings procedure for capnor 
@eecripoc in Wonendix C, This was ordinary toush-pitch copper 
wire and even after pclishing meny vits or elongated holes 
were obviously visible when observed visually, masnified 300 
times, 
The tin specimen was prepared by melting a globule 


ee reacts Grade Gin and allowirgs it to solidify on 3 


.050 inch copper wire. The approximate thickness wes about 





.0O40 inches measured with a micrometer, The surface was 
Blened with Leu powmemeve L1U%, CHUL with a razor 
blade to expose fresh metal and then rolled with a glass 
ieod LO Smooth the surface, 

The results of the tests with these specimens are 
eyovwn in Table 2 and Figures 1 and 2. These data were 
obtained following motion at one hertz for one minute 


between the specimens under the load specified, 
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" Weis Sea 0 
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area barely visible 
(iitvemwhs to evaluate 


Seema cOl]oration 
with 


brownish erea 
scratches 


area with dark pit- 
like spots 


large pitted like area 
with darkened spots and 
Peeters akin Gere anon 
(see Figure 1) 
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Figure 2) 
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FIGURE 1 


(eoeary elect ropolished coprer specimen after contact with 
ie CN coated specimen and imposed motion undor 5 gram 
load in atmosphere of nitrogen (300%). Some scratches with 
ates 
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fier ike material were Bee en Pik = ay ley ey ee eae a bie 
ier? , | 
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FIGURE 2 


ete aa ry electrovolished copper snecimen after contact with 
thick tin coated spetimen ard imposed relative motion uncer 
mmeeem 102d in methanol saturated nitrogen (300X). A film 
of tin-like material aprears on the surface, 


— ith 





The eenclusions drawn from these observations is that 
methanol has an effect in getting smooth trensfer resulting 
momooun a lower resistance and film of tin on the copper, 
However, material transfer is not eliminated, 

2, Electropolished Oxvgen-Free High-Conductivity (OFHC) 
mopper Versus "Thick" Tin 

The copper specimen for this test was a .200 inch 
meecmo: OFHC copper. The rod was electropo] ished as described 
in Appendix C. . The tin specimen was the same specimen 
described above in Section Bl, 

Measurement of resistance and optical examination 
mimes copper rod after motion at one heme. Tom one minute 


i 


fesuilted in the following typical results at a load of 5 


grams, 
Pomoc onere esistance (ohms) Onservation 
Nitrogen Ge Os large darkened area, many 
black spots (see Figures 
3 and 4) . 
Methanol. 1 AG ie Cie small pit-like spots at 
saturated edge of area, film may be 
natvrogen present but if so it appears 


extremely thin (see Figures 
Seance.) 


It appears from these results that methanol vapor is 


eee ive in lubricating under these conditions. Traneter 


a 


q) 


of tin appears virtually eliminated. As before, plastic 
contact with the tin is assumed and thus the stress is 


6 kg/mm”, 
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This stress level], equivalent to the recorded indenta- 
tion hardness of tin [2], may be low by a factor of 2 in 
light of recent research [12]. Williamson and Hunt have 
measured the actual contact area under conditions similar 
to the hardness test and find the area to be one-half of 
the indenter and propose an actual stress level equ2i to 


fees tne standard recorded hardness, 
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FIGURE 3 


Electropolished OFHC copper specimen showing two contact 
Mee at 5 Sram load after motion at 1 hz for one minute 
against thick tin coated specimen, 


“eeeeern JOft at center followed cantact and moticn in 
atmosphere of nitrogen snrturated with methanol, 


fOL lowest Veen tect ant Monon. 17. 


Mmres2 at lower r 7 
Wikprevreny Oniy (150x), 


atmosphere of 
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FIGURE lb 


Fatersement of contact zone with nitrogen atmosphere 
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PICGURE 5 


Pilareement of contact zone with methanol saturated nitrogen 
(300X). A thin film of tin-like material appears to cover 
about three-quarters of the contact zone. 
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Visual] Observation 
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Electropolished OFHC copper specimen after contact with 
thin tin coated specimen under a load of 5 grams and after 
motion at 1 hz for 1 minute, The darkened aeeaes.  OOMDe red 
to the background, eppeared lighter and like tin in Colo: 


—_— —- -- 


when examined visurlly even though they appear darker in the 
photograph (400X), 





contact is 31.8 Wayman sec ar 2,36 x 10->., If the copper 
is assumed to plastically support the load the stress would 
be 80 kg/m? [18]. 

Thus since the materials, load and atmosnhere are 
the same as in Section B2 above, only the ateeae has changed 
and this in turn has greatiy increased the transfer of tin 


m@mone Ccopner., 
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DISCUSSION GF RESULTS AND RECOMMENDATIONS 

The conclusion that stress does affect the effective- 
mess Of lubrication by methanol, when present as a saturated 
Vapor at room temperature, as predicted by Reference 10, 
is based on the essential prevention of transfer of tin to 
faomamootn copper surface from the thick tin coating whereas 
transfer occurs when the coating Toe Ula nee ae vine 
parameters controlled by the investigation, 1,@€, speed and 
time of imposed relative motion, atmosphere, load and 
material remeined the same while only the thickness of the 
tin layer was altered, it is concluded that only the stress 
eeenengod, This conclusion is supported for example in 
Ieeeeence 2 2nd Reference 11 and this principle forms the 
basis for solid lubrication [16], It mist be assumed, 
Me@rmever, that the layer is thin enough for the substrate to 
Socuine the loed, and since transfer occurred, as et shed urie.t 
wakes tnick layer previously, this assumetion is felt to 
bemiwetified, 


Thus the critical stross is sreater than 6 kg/mn’? 
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values were comparable, The results of the tungsten versus 
tungsten tests show the critical maximim apparent stress to 
be less than 17.4 ke/mm? (cf/J = 1.455 x 107%), 

It is suggested that the actual contact stress in the 
tungsten case is larger than the apparent hertzian stress 
which is calculated assuming contact between perfectly 
Peon and circular cylinders, This is consistent with 
Reference ]0 wherein it is estimated that the actual maximum 
Stress is on the order of five times the apparent one. 


femete evident from eduations 6,/);,.6;5 and 627 of 


a] 


Reference 10 that stress affects the stability of an adsorbed 
monolayer in both dimensional and dimensionless form, This 
Gace Shown as follows: 


° ° a 8 ° a 
Meese ecuations involve combinations of BLBsx” and 








Bex” multiplied by other variables, where : 
Bevan = AJ 
kT o 
Bas Ged + 1 = fis ae 
WEES 
loa ie ree all ae are properties of 
tae adsor ved molecu les 
k is Boltzgman'’s constant 
ere reference Tempera ys 


QO 


x = dimensionless stress = d/J. (c/d 


previously defined) 
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Thererore fOrea fiven jpricant 
Bebe = Ad( Bird) Go /J7 
= ABo"’+Acg(c/J) 
and 
Box? = A(a?/3?) 
= Ag(o/J) 

Thus the dimensional and dimens sionlees stress contribute 
momee onset of instability and therefore direct comparison 
of tunssten results and copper and tin results at the same 
Bebtensioniless stress is invalid. 

The theory [10] was dorived assuming an elastic contact 


a 


Memon polying the strsin energy. Though the tin is deformins 


j~e 


Prestically, there is stil] elastic deformation upon loading 


and elastic recovery is possible after an admolecute desorbs, 


‘nal 


Mmererore, there should be no basic difference for estic 
meme lastic contact. 
A significant discrepancy between the actual test wrethod 


Mweemoe vieory involves the use of finite speed in the test 


fewece, The theory is develcved for an eqn anesnim process 


+ 


Ween 2aliows only infinitesimal speeds. <A sinusoidal 
Mg@edniency Of | hertz was imoosed over a slid 


We 21S uanCceroL 
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aN 


MeOroy.Imavely ,00 
sinusnidal velocity of 2bout .0 em/sec. This could induce 
rate effects which would vitimately have to be eliminated 
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For these effects, 

Attempts were made to operate the apparatus at lower 
frequencies (.01 and .1 hertz) but no motion was visible 
wapeny change measured in voltage at the vibrator over a 
Hong period of time and it is sugsested that the amplifier 
and oscillator are incompatible for these lower frequencies. 

No quantitative measurement of the amount of tin 
transfer was attempted. Even when there was no obvious 
transfer to the smooth OFHC copper specimen there remains 
ges DOSSibility of 2 thin film. It is believed that the 
transfer observed to the ordinary covver svecimen is dave to 
une roughness Of “Une rSueC 1 nen swell Vhatl tneteourer plows 
throurh the tin even though with no motion a monolayer of 
adsorbed methanol separates the surfaces. Examination under 
an electron microscope of a copper specimen subjected to this 
imgocror test that has undergone no apparent transfer vould 
eaere more information on this film, 

Alongs with lower speed, improvement is also desired 
mmetire range of stress and the confidence with which the 
eepeescs iS ectueliv known. With specimens undergoing plastic 
contact (that is, not only the softer materials but also 
hardor materials with reuch surfaces) the stress is known 
wemaeee j1en dearse of conitidenc? but in fe reread cannot be 
Varied without changing the materials, Surfaces smooth 


‘enough for elastic contact are very difficult to obtain and 
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eeletderable elfort has gone into the development of the 
preparation technique for the mires ten Specimens used, The 
stress is dependent on the cube root of the normal load and 
inversely proportional to the two-thirds power of the 
Specimen diameter for equal diameters [13]. Thus wide 


changes in load are required to achieve substantial changes 


) 
peak 


1g) ress. A larger diameter specimen would serve to reduce 

the stress, which is desired to extend the tungsten results, 

DUG meierease in the surface roughness and departure from 

Marmecircularity at the area of contact are then to be 

expected, Reduction in load with the tungsten specimens is 

perhans feasible but at low loads stray vibration and system 

sensitivity become a problem, particularly when using 

resistance measurements as an indication of surface separation, 
Pe Would pe -advanvasequs Lo develop a system capable 

of stress variation from approximately 6 to 60 kg/mm? to 

evaluate the critical stress for methanol, When such a system 

is built, other parameters such as temperature, vapor pressure 

and lubricant can be easily varied. The most promising 

method of operating at a known low stress level appears to 

be by using different materials of low hardness, This has 

the disadvantage of changing many other material properties 

along with the level of stress, 


MetsurPemcnius “ere not found to be very usetul, 
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was eliminated on purpose. The resistance also became 

More Creatic, which is thought to be due to formation of 
debris or wear fragments. This was the opposite effect 

to that anticipated, as a lower resistance was expected 

when the methanol desorbed, This increase would not be 

emo elt icanG 1am an actual contact undergoing a change in 
stress in an atmosphere of methanol, as the stress would 

fey Slowly over the area of contact and no sudden uniform 
Meee ae stress over all the contact ares would occur. This 
1s demonstrated in the results at high load with the tungsten 
specimens where the resistance decreases with increased load 


25 would be expected,. 
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APPENDIX A 


APPLICATION TO NAVAL ENGINEERING 

The specific problem or the results are nov direc*ly 
applicable to naval engineering. In the long term, however, 
if this thesis and other research contributes to the clear 
understanding of boundary lubricaticn, the Navy and incesed 
all] users of Jubricated equipment will undoubtedly bénefit. 

It is also hoped in the shorter term that the erperience 
in the general area of lubrication the author of this thesis 
has obtained will enable him to contribute to the better 


engineering of naval and other ships. 
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APPENDIA B 
iE APPARATUS 
It was intended that the test device have the following 
features! 

a) a specimen holder enat could be transferred to the 
optical microscope for visual examination with a high prob- 
Mymity of finding tne aree of contact 

b) specimen holders with two point support for the 
specimens. allowing contact in 4a wee vom vo! controlled atmos- 
phere, allowing reciprocating motion of small magnitude and 
allowing electrical contact on both ends of Phewsuecsmen. 

c) ability to load the contact to as low load as 
possible, while still providing two degrees of restr2int, 
1.@., preventing other than vertical movement by wie slower 
specimen. 

d) ability to provide reciprocating motion to the test 
specimens which were crossed at 45° relative eae ine ror 
motion 

e) measurement of contact resistance 

ey ear eorse alo tete. control such that the contact erea could 
be exposed to a selected gaseous PaemOc Oe containing some 
lubricent veapor. 


Tre results of these intentions are shown 7% Fisuce B.1, 
The test specimens are Peete in WMouders (i icuace: boc 
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FIGURE 38.2 
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Specimen holders 
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FICURE B.3 


Specimen holders, top view showing detached 
holder with OFHC copper specimen, 





and B.3) and connected to the resistance measuring circuit 
described below. one specimen holder is oscillated while 
the other is loaded in cantilever fashion so that the con- 
tact area receives a normal loed, 

The upper specimen holder is easily detached from the 
oscillating drive mechanism so that the specimen could be 
viewed at up to 600X and photographed in a Unitron micro- 
scope. A reference point for visually finding the probable 


mecteol contact was found to be a portion of the gas supply 


pive. 
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Hrearances Of about 5 thousandths of an inch as th 
holders are fitted over one another insure outward flow of 
the atmosphere supplied and assist in positioning the sreci-~ 
fom O tial Give probable area of contact can be located 
Prior to running and this same area examined after testing. 

Oec vila tiie snow ton power Was sunplied by the following 
equipment: 


11 r Krohn-Hite, Cambridge, Mass., Model 440A, 


Os 


2 


.OO1 hz to 100 khz., Sine wave output with voltare 
Conor Oey 176 
Poo fe emai oeh +0 Monaural Audio Amrilifier 
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Smal11 60 hertz noise in the oscillation was discernable 
at very low frequency Gnoci tow, |) hz), Meee, the results 
were primarily taken at 1 hz and therefore no attempts were 
made to reduce or eliminate the hun, 

The atmosphere was supplied by bottled pre-purified 
nitrogen gas which was saturated with lubricant vapor by 

pmobling through a fritted glass tube immersed in liquid 
ieericant, The gas was checked for saturation by slightly 
feeling the flow and insuring that condensation occurred. 

Measurements of resistance were made by a Sanborn 150 
recorder using 2 Low Level Preamplifier set toa sensitivity 
of 100 microvolts per centimeter of deflection. Resistance 
feeenrenents tPCmemelcands +O Thousgandtnhs of ohms were- 
corded. Tiewctremm, supplied a current throush one end 


eur eachn Sspecimc? 


> 


and measured the voltage across the other 
end of both specimens. It was similar to that pictured by 
Holm in Figure 8.03 of [14]. Current was supplied from a 

1.5 volt dry-cell and was controlled by resistors in the 
eueoly Circuit from current values of about 5 microamperes to 


MoemilLiiamperes, 





APPENDIX _C 


THE SPECIMENS: THEIR PREPARATION AND POLISHING 

The tungsten specimens were prepared from hard-drawn, 
ground (sealing-grade) tungsten wire .060 inches in diameter. 
The minimum tungsten content is 99.95 per cent. The surface 
is mechanically polished with 3/0 metallographic paper in a 
drill press, rinsed in hot tap water followed by distilled 
water and then electropolished, | 

tee DOlIShtaeescolution Consists of 25% .2 molar sodium 
hydroxide (NaOH) and 75% ./t molar sodium tartrate 
(NaoCyHy0¢.2H50). The specimens are immersed in the solution 


woile beinz rotated in a drill press and the beaker of 


° 


w 


solution is rotated also. Approximately 6 volts is impressed 
and a current of about 150 milliamperes flows through the 

e e « 3 e o 
emeciit tor 2 current density of ebout 10 amps/decimeter~, 


Mier polishins for 15 minutes the speci 


= 


ans are rinsed with 


\ 


distilled water and methanol, The surfaces were examined at 
300X in en optical microscope, and generally appeared very 
smooth except for occasional pits, probibly due to inclusions 
or impurities, small comnared to both the predicted and 
observed contact area, The upper specimen was examined after 
jmecemoil an ats holder with particular attention oaid to the 
renee Ged wer Cr "eomteact. Srecimens prepared in the sam¢ 
panney Seerehown “iehaeure 247 or [10] and are further dis- 
cussed in [15]. 

2 





The tin coated cSsecimens were inade by coating a copper 
wire with reagent grade, ACS, tin from a par usins a standard 
soldering iron. The surface was cleaned with methanol to 
remove the soldering flux. Fresh meta] was exposed with a 
mazor Diade and then rolled with a glass rod to smooth the 
SlinEace, 

The copper specimens were electrolytically volished in 
Seem oemolar solution of orthophosphoric acid at 1.5 volts 
With a current density of about 3.5 amps/decimeter”,. [17 | 
The specimen was immersed horizontally in the solution about 
1% inches below a copper plate which served as the cathode, 
The woner surface polished well and was used for the contact 
zone. The lower surface avpeared to have the stryations 


from the 3/0 mechanical polishing preparation emphasized. 
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: APPENDIX D 

pee PLE MENTARY RESULTS 

This sees iver will present in greater detail the data 
measured and observed from which the previous results were 
derived, 
A, TUNGSTEN ON TUNGSTEN 

Many measurements were made of contact resistance between 
the two tungsten specimens, Samples of these measurements 
are presented in Tables D,1 throush D.3. As can be seen 
in these tables, resistance values ranged from a2 high value 
See ooO onms to @2 low of .37 ohms at the same load (1/3 
eee ty) The results were not repeatable, except in ns 


at higher loads (greator than about 1 gram) where the 


@ 


Mm yeeCemmoaecurea Wer] within a factor of three from 


PB) 


fool. 


€ 


highest to Jowest value. At best, tne low resistance values 
serve to imply the Jack of a complete monolayer of adsorbod 
Mibricant between the specimens. 

It was observed that at loads of one gram and above, 
when supplied with methanol vapor, the indication of voltage 
as measured on the Sanborn recorder was steady following the 


Bewerrye mOovlem Of the contacts imposed by vibratio 


a) 


Voltage indication in the nitrozen atmosphere was erratic 
both durins and after motion and an estimated average 


Value 1s presented in Table D.2, Under visual observation 
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scratched and so it is proposed that unsteadiness of the 
resistance measurement is due to the build up of wear 
particles coupled with slight movement of the apparatus due 
ta vibration induced by machinery in the area, It is also 
proposed that these stray vibrations are the source of 
unsteady measurements with methanol vanor at low loads. 

These inadvertent vibrations were greatly reduced by 
mountings the actual test device on a heavy bedplate and 
Miri mounting this plate on soft pads. However, the cir- 
cuit was still very sensitive and dronving a 2 gram weight 
on the heavy bedplate covld be noticed in voltage measnre~ 
ment at the very low loads (1/6 gram). 

Visual observaticnsof the specimens after vibration 
Wneet are described in Table D.3 provided another indication 


of lack of a complete monolayer of adsorbed lubricant between 


C2 


the tunessten specimens. The discolored area anpeared as a 


Piet brown film, slightly darker at tne ends of the major 
eeelcor an Slilintpicaliy shaped anperent contact zone, The 
other recurrins type of contact zone appearance was similar 
to pits observed on tne tungsten surface in areas where 
Ogumiesnyae was Not fully effective. These spots could he 
actual surface damare or perheavos could be due to condensation 
Ome arrcant 10 the contact area. The svots were not renover 
by .blowing dry air or nitroren on the area; and wiping 


4 


eww Gi tens Liasue alfected the surface finish to such 





Pex vent Tnat ComclusSioOns conccrning the appeurance of the 
@omcict zone after wiping were not possible. The contact 
zone after vibration at higher loads appeared similarly 
pitted to a larger extent and thus the pitted appearance 
seems to indicate surface damage, 

The higher resistance values shown in Table D.3 did 
Bere latve with what appeared to be Lesser surface damaze 
but no quantitative conclusions could be drawn. 

The contact zones in the methanol atmosphere, however, 
eoemeat beadG up to 15 grams were not damaged in the seme 


manner as when only nitrogen was sunplied, The discoloration 


a 


and appsrent pitting with methanol vapor were very distin 


5 
ie 
ct 


imaoretuns Seccetches which were visible ovor the contact arcs 
in the nitrogen atmosvherc., 

Mmacse Vienal observations, in addition to the character- 
istics of the voltage measurements in each atmospherd 
feseriDed Apove, form tne basis for the conclusion that the 


atmosphere containing the methanol vavor provides some 


Mier cavionee! troushn there does not aopear to be a complete 


conclusion coneerning the effect of stress on thi 
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RESISTANCE DATA FOR TUNGSTEN ON TUNGSTEN 
IN NITROGEN ATMOSPHERE AT ROOM THMPERATURE 





Load (grams) 1/3 2/3 0 
o(kg/mm?) 23.4 29.5 © 34,0 
ay x 107 615 GLE , 890 
Resistence ee 9,2 LOO 
(ohms ) OLrecealec 70 40 
" oe as. Zi, 
? 100 


Note 1. Data obtained rede en O7) 


4. ourftaces of both specimens had scratches in 
area of anticipated contact zone. 


3. Resistances were measured after vibration of 


contacting specimens for anproximately 30 
seconds at 100 hz, 
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TABLE D.3 





RESISTANCE AND VISUAL RESUITS FOR TUNGSTEN 


Swe eae we ee — ST OT Se Ee we 


ON TUNGSTEN IN NITROGEN SATURATED WITH METHANOL VAPOR 


Milo! Aapperpance of expected 


Run Resistance (ohms CoOmuaclaZone 
it oe no contact zone apparent 
2 5.0 slight discoloration (light brown) 
3 ae brown colored erea 
ly Lo dark spots that appear like 
pits in the metal 
5 70 brown edge 
6 han area with pitted appearance 
i ae brown colored area 


foie eee Data at W/G srams (c/J = .455 x 107°) Go = 17.4 kg/mm? 
G = maximum apparent hertzian strese | 


i) kun consisted of: 

a) inspecting probable area of contact using center 
of upper specimen holder as @ reference 

b) loading to desired load 

c) allowing about 2-3 minutes to settle 

ad) imposing relative motion at 1 hz. for 2 minutes 

e) measuring resistance when settled 

fyevisval insvection at 150 & 300X 

g) each test was run on a new contact area 


3. All areas aporoximately identical size 
pp 


4, Data obtained on May 4, 1970 
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